S ogy has had the unique perspective of considering therapeutics to include not only small molecular weight pharmaceuticals, but also cells themselves. Recognizing the complexity of the functions performed by the blood cells, hematologists have long understood that our best chance of harnessing the power of these cells for oxygen transport, repair of damaged endothelium, and inflammation was to transfuse large numbers of normal blood cells. By doing so, hematologists could thereby circumvent the need to understand every molecular function of these cells in complete reductionist detail, simply taking advantage of evolution's wisdom.
Cellular transfusion therapies began with mature blood cells, first with whole blood and then later evolving to the use of fractionated blood components. These therapies proved extremely effective for red blood cells and often useful for platelets, but less so for neutrophils, whose lifetimes were too short to be of practical use. Transfusion of mature longlived T lymphocytes may itself have useful clinical applications as well.
Bone marrow transplantation, the second phase of cellular therapeutics, began with the realization that permanent clinical benefit from transfused blood cells could only come from transplantation of multipotent hematopoietic stem cells. Stem cell transplantation has now been conclusively proven to provide definitive therapy for a variety of malignant and inherited diseases and to also provide robust myelopoietic support for patients undergoing high-dose chemotherapy or radiotherapy. However, stem cell transplantation has been limited by several features. First, acquiring sufficient stem cells to achieve benefit after transfusion requires either extensive, operative bone marrow harvests or extensive, morbid pheresis procedures. Next, even under these circumstances, the number of useful cells obtained is limited. Finally, the kinetics of regeneration of mature blood cells after transfusion are not ideal, so that these cells have little direct therapeutic benefits for periods of I to 3 weeks.
Over the past decade, these limitations to blood and stem cell transfusion have now been tackled by attempts to increase the number and proliferative rates of primitive hematopoietic cells before infusion through their controlled ex vivo culture. These techniques, which fall under the umbrella or "ex vivo stem cell expansion," have now developed to the point at which clinical trials are now underway in a Three decades ago, Bradley and Metcalf' introduced a new semisolid culture system, the colony-forming assay, with several fascinating novel features. This assay directly identified primitive hematopoietic cells in vitro by virtue of their progeny-forming focal colonies and also visually displayed their dynamics and kinetics.' These powerful features allowed investigators to infer features to stem cell biology that were otherwise essentially invisible.
However, a "Heisenberg perturbation" was created even in these first studies. The very act of aspirating and explanting the marrow so that its dynamics could be studied dramatically altered the biology that was observable. The most dramatic perturbation seen in colony assays is that hematopoiesis is only temporary, with proliferation seen only for 2 to 4 weeks, despite attempts to supplement the systems with nutrients and cytokines. This limitation shows that either the most primitive stem cells fail to survive and proliferate in these assays or that the cellular connection between the most primitive cells and truly proliferative progenitor cells is lost, so that the initial rapid production of precursors as progenitor-derived colonies is not sustained.
Attempts to more closely mimic stem cell biology ex vivo progressed to the development of liquid bone marrow culture systems by T.M. Dexter in the late 1970s.* In these "Dexter" cultures, the proliferation of stem cell-derived hematopoietic cells is dependent on the presence of an adherent layer, which represents a two-dimensional reconstitution of the mesenchymal interstitial component of bone marrow in vivo. where these cells exist in an organized three-dimensional array in extremely close proximity to the developing hematopoietic cells.
Human bone marrow adaptations of Dexter cultures more clearly showed the production kinetics of progenitors that had been observed in colony assays, but still demonstrated the similar limitations that suggested that truly pluripotent stem cells were not surviving or proliferating in these cultures. Whereas murine and tree shrew bone marrow cultures have been sustained for more than 1 year, human Dexter cultures decay steadily from culture initiation and last only 6 to 12 weeks.' More recently, limiting dilution techniques developed by Sutherland et a14 have confirmed that the number of primitive cells capable of sustaining progenitor production begins to decline by I week in Dexter cultures. Similarly, Lansdorp et al,5 using cell surface phenotype analyses of human bone marrow cells in liquid culture, have found that primitive CD34+CD38-cells fail to self-renew, at least when cultured in isolation from stromal cells.
Two very different conclusions could be drawn from these ' who have found that hematopoiesis in mouse and cats appears to derive from a stable pool of stem cells for periods of more than 6 months to years, respectively. Moreover, whereas hematopoiesis derived from more mature cells does die out, the stem cell pools that maintain such stable hematopoiesis do not extinguish. These data appear to be more consistent with a model in which the true number of longlived stem cells is extremely low and that these cells initially divide extremely slowly. Thus, multilineage hematopoiesis is sustained temporarily, albeit for many months, by the terminal differentiation of cells that have already left the most primitive stem cell pool at the time of bansplantation.
The alternative, more optimistic, conclusion that could be drawn from the limitations of liquid bone marrow cultures is that our efforts to culture hematopoietic cells ex vivo have failed to capture those elements of stem cell biology that occur in vivo and/or that could be maximized under ideal circumstances. Two distinctive experimental approaches have been taken that pursue this more optimistic hypothesis: liquid culture of purified primitive cells in high-dose recombinant cytokines and perfusion-based culture of whole bone marrow cell populations.
CURRENT APPROACHES TO EX VIVO HEMATOPOIETIC EXPANSION
Incubation of selected CD34+ cells with combinations of high-dose cytokines (HDC). Incubation of selected CD34+ cells with combinations of HDC has been the most commonly studied technique of ex vivo hematopoietic culture. Haylock et a1' first found that CD34+ mobilized peripheral blood cells highly purified by fluorescence immunocytometry could be driven to proliferate in dilute culture in the presence of 10 ng/mL interleukin-lp (IL-lp), IL-3, IL-6, granulocyte colony-stimulating factor (G-CSF), granulocytemacrophage-CSF (GM-CSF), and stem cell factor (SCF). Under these conditions, the colony-forming unit-granulocyte-macrophage (CFU-GM) pool expanded 20-to 60-fold over input over 14 days, and many more mature precursors were generated as well. These results have subsequently been reproduced by many other groups, including Srour et al,' Coutinho et a1,I0 and Brugger et a1.I' Although there are some differences in the expansion protocols performed by each group, each one shares the use of highly CD34+ selected cells, dilute culture conditions, and multiple HDC. Without each of these features, proliferation is very much reduced in these cultures. In these studies, CD34+ cell selection has been implemented by precise but slower fluorescence-activated cell sorting (FACS) devices'.9 and by more rapid but less precise and solid-phase immunoselection devices. '
Similar results have been obtained with bone marrow and umbilical cord blood cells with some interesting variations, as will be discussed below.
These results suggest that the presence of more mature, CD34-cells or their secreted metabolites may exert a strong suppressive effect on hematopoietic proliferation. Only by removing the CD34-cells and by culturing the remaining cells at low density can this inhibition be overcome, at least in static cultures in which all the cellular byproducts remain in the culture. The addition of high doses of cytokines therefore allows the proliferation and differentiation of many of the early pre-progenitors present within the CD34+ population, thereby powerfully amplifying the progenitor and precursor pool.
Most of the progenitor cell amplification in these cultures appears to be occurring by terminal differentiation of preprogenitors and stem cells. Not only does the number of CD34+ cells themselves decline in these HDC cultures, but the number of more primitive long-term culture-initiating cells (LTCIC) rarely increases and usually Thus, these cultures do not show evidence of true stem cell expansion, but rather powerful differentiation of a relatively early pre-progenitor cell compartment. This loss of stem cells appears to be likely the result of the removal of stromal cells that occurs during all current CD34 selection approaches whether implemented by FACS or solid-phase immunoselection devices.
The altemative approach to ex vivo hematopoietic expansion has been continuous perfusion-based culture of unselected hematopoietic cell populations (CPC). Perfusion, often used in conjunction with CSFs, has been used to stimulate function stromal cellular elements to both support stem cell renewal and supply local proliferative and differentiative CSFs. Early studies by Caldwell et al'3,i4 and Guba et all5 showed that rapid medium exchange stimulated the production of GM-CSF and IL-6 from bone marrow stromal fibroblasts, and similar results have now been obtained for SCF. Schwartz et al'63i7 subsequently showed that similar rapid medium exchange schedules on whole bone marrow led to prolonged, stable progenitor cell production in culture, indicative of stem cell self-renewal. This effect was achieved by a combination of stimulation of the stromal elements and by the removal of metabolic byproducts produced by the maturing myeloid cells.
Taking advantage of stromal cell stimulation and added cytokines, rapid medium exchange has recently been combined with the addition of selected doses of exogenous CSFs. Koller et all' found that incubation of bone marrow mononuclear cells under continuous perfusion and oxygenation in the presence of low doses of SCF, IL-3, GM-CSF, and erythropoietin (Epo) resulted in a 10 to 20-fold expansion of total mononuclear cells and CFU-GM, along with a fourfold to eightfold expansion in LTCIC. Subsequent studies by Koller et aii9 have shown that both the presence of the stromal layer and the of non-CD34+ nonstromal accessory cells and the medium exchange provided by perfusion each contribute to the maintenance and expansion of LTCIC in these systems. Sandstrom et alZ0 found very similar results, demonstrating that perfusion strongly influences progenitor expansion and LTCIC maintenance, whereas CD34+ selection has no beneficial effects per se. Recently, Zandstra et alz' confirmed the effect of perfusion and cytokines in stimulating simultaneous
Continuous perfusion cultures.
For personal use only. on October 27, 2017. by guest www.bloodjournal.org From LTCIC and progenitor cell expansion in stroma-replete bone marrow cells, demonstrating several fold expansion of LTCIC in stirred flask bioreactors. Taken together, the results of these studies suggest that ex vivo expansion of the progenitor cell pool concomitant with maintenance and limited expansion of the LTCIC pool may be possible via a single-step culture of fairly unmanipulated bone marrow.
Whether any of the currently used human ex vivo hematopoietic culture techniques support the amplification of the most primitive human hematopoietic stem cell pool is not known. However, studies by Muench et alZ2 with murine bone marrow cells showed that ex vivo culture in the presence of SCF plus IL-1 reduced the number of transplanted cells required for radioprotection, while simultaneously resulting in donor-derived hematopoiesis for more than 1 year, permitting subsequent secondary transplantation. Thus, the only in vivo experiments performed to date suggest that ex vivo culture may indeed support the survival and expansion of the long-term repopulating cell pool.
Similarly, precisely how many long-term repopulating cells are required for clinical transplantation is not known. Extrapolating data from mice to humans suggests that at least 15,000 stem cells should be required for autologous transplantsz3 and perhaps 100 to 1, OOO times more for allogeneic transplants, depending on the degree of genetic disparity between donor and host. However, whatever the precise number of stem cells, it seems clear that some threshold of long-lived stem cells must be provided to the transplant recipient, either via the graft or via survival of host stem cells despite preparative chemotherapy and/or radiotherapy. Given that the number of stem cells that might survive preparation will almost certainly vary widely among patients, it seems most prudent to attempt to provide hematopoietic infusions that themselves contain the requisite number of longterm repopulating stem cells.
SOURCES OF HEMATOPOIETIC CELLS FOR EXPANSION: BONE MARROW, PERIPHERAL BLOOD, AND UMBILICAL CORD BLOOD
Bone marrow, mobilized peripheral blood, and umbilical cord blood have all been successfully used as starting populations for ex vivo expansions. Each has its potential advantages, and each has its theoretical concerns as a clinical source. Bone marrow mononuclear cells (BMMC) have been studied most extensively by Koller et a118s19 in perfusion culture. The advantage of this tissue is that pluripotent stem cells are known to be present at the start of the culture, and all of the elements needed for their in vivo survival are likely to be present. In addition, in these studies the bone marrow cells have been put through little manipulation before culture; in fact, these cultures perform optimally when all bone marrow cellular elements are left in the starting cell population. Although highly enriched CD34+ bone marrow cells can also be induced to proliferate in culture, progenitor and LTCIC proliferation suffers comparably in the absence of the removed cell subsets. Based on numerical calculations, results of these studies project that an engrafting dose of hematopoietic stem and progenitor cells could be obtained with approximately 5 X 10' BMMC, which could be obtained from a small number of analytical scale bone marrow aspirates in the outpatient setting. MPB have been extensively evaluated by several groups and show extremely high levels of progenitor and precursor cell expansion, with post-pre expansion progenitor cell ratios exceeding 50.' " The attractions of this approach are the availability of the starting material from circulating blood after patient mobilization with cytokines and/or chemotherapy and the excellent track record of mobilized peripheral blood for very rapid hematopoietic reconstitution. A significant potential concern with cultured MPB CD34' cells is the long-term durability of the grafts in highly myeloablated patients, because survival of primitive hematopoietic cells in these cultures has only been seen in a few instances. However, many patients undergoing high-dose chemotherapy with hematopoietic cell rescue (autologous bone marrow transplantation) may be able to reconstitute long-term hematopoiesis from their residual, chemotherapy-treated bone marrow. If these patients can be reliably be distinguished, then grafts depleted of true long-term repopulating cells might be quite sufficient.
UCB cells offer an increasingly intriguing approach to the application of ex vivo stem cell expansion to clinical hematology. Nearly a decade ago, Broxmeyer et al" made fundamental and prescient observations on the composition of different hematopoietic compartments in human umbilical cord blood. They found that, much like circulating adult peripheral blood (APB), UCB contained clonogenic progenitor cells. However, their frequency was much higher in UCB (1 to 5/1,000 mononuclear cells) than in APB (1 to 5/20,000).24 In addition, the progenitor-derived colonies observed were seen to be very large, including many macroscopic colonies.25~26 These studies, which suggested that UCB contained a progenitor pool related to the primitive pool found in the fetal liver, were subsequently confirmed by many groups
The observations that the colonies observed in cultured UCB were generally large and multifocal, taken together with long-standing observations of Fleishman and Mintzz7 showing that fetal stem cells had a competitive repopulating advantage over adult stem cells, suggested that UCB stem and progenitor cells might have higher proliferative capacity and perhaps higher capacity for self-renewal. Carow, Broxmeyer, et a1 recently showed that this is indeed the case, finding that individual UCB-derived colony-forming unie granulocyte-erythroid-macrophage-megakaryocyte (CFU-GEMM) colonies could be replated 4 to 5 times while maintaining multilineage hematopoiesis, compared with adult CFU-GEMM colonies, which had little or no replating abilit^.^'.'^ In addition, Landsdorp et a1 have found that UCB CD34+ cells are able to generate several thousand more mature cells in culture, without reducing the number of CD34+ cells in the culture, in contrast to adult bone marrow in which CD34+ cells rapidly decline in culture, indicating a loss of primitive self-renewing cells.5.'" Finally, studies by Moore3' indicate that low-density culture of UCB CD34' cells can result in more than 2 0~ increase in primitive A cells, in contrast to similar cultures of adult bone marrow in
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Based on these careful preclinical studies, UCB was first used as a source of transplantable stem cells in 1990 by Gluckman et a13' for a child with Fanconi's anemia. Overall, the results of the greater than 65 UCB transplants to date suggest that (1) UCB stem cells exist and can engraft after infusion, although engraftment kinetics are somewhat slower than for bone marrow or mobilized peripheral blood cells; and (2) Recipient graft-versus-host disease is no more severe, and perhaps milder, than with bone marrow donor cells.33"' However, it is possible that the in vivo expansion potential of UCB cells is not infinite or easily influenced after reinfusion. Although some larger children weighing as much as 70 kg have successfully engrafted after UCB transplantation, a number of recipients weighing more than 40 kg have failed to engraft after UCB infusions from standard cord blood collections. Therefore, successful ex vivo expansion of UCB could have tremendous impact on the applicability of UCB to diverse clinical settings involving the treatment of older children and adults. Current studies from several laboratories suggest that UCB progenitors and LTCIC pools can be readily expanded, apparently to a greater extent than bone marrow or MPB.3"39
HEMATOPOIETIC GROWTH FACTORS IN THE EX VIVO EXPANSION CULTURES
Ex vivo hematopoietic expansion cultures have been performed with a variety of combinations of cytokines, with only a partial consensus emerging as to the optimal combination for clinical use. In general, those cytokines that either directly or synergistically stimulate the proliferation and differentiation of progenitors into recognizable precursor cells are also effective in stimulating the expansion of the progenitor cell compartment in liquid culture. For example, Haylock et al" found that the combination of IL-lp, IL-3, IL-6, G-CSF, GM-CSF, and SCF was superior to combinations lacking any one of these six cytokines. These findings have been reproduced by many groups, with the notable exception of Brugger et al," who found that the inclusion of G-CSF and/ or GM-CSF in their cultures resulted in greater numbers of total cells, but lower numbers of clonogenic progenitor cells. In the case of whole bone marrow perfusion cultures, substantial quantities of IL-6 and IL-1 appear to be provided by the stromal and accessory cells, so that adding these cytokines has no additional beneficial effect.15s40 The quantities of SCF and Flk-2 ligand produced by these cells appears to be fairly low, such that addition of SCF or Flk-2 ligand does substantially increase the yield of progenitors recovered from perfusion based BMMC cultures. Conversely, inclusion of macrophage inhibitory protein-la (MIP-la), tumor necrosis factor a (TNFa), and transforming growth factor p (TGFP) in most expansion cultures reported to date each results in decreased progenitor cell and precursor cell yields4'
The survival and proliferation of more primitive pre-progenitor cells may also be influenced by the cytokines that supplement the expansion cultures. This is particularly true of enriched CD34' cell expansion cultures. Henschler et a1" have directly compared several combinations of cytokines using a cobblestone area-forming cell (CAFC) assay, which they have validated as correlating closely with classical LTCIC assays. They have found that inclusion of only SCF, IL-3, or both leads to substantial declines in CAFC over 12 days; combinations of SCF and IL-3 plus either G-CSF, IL-1, or IL-6 prevent much of the loss; and simultaneous culture of SCF, IL-3, IL-1, IL-6, and Epo leads to approximate maintenance of LTCIC during this period of time." In perfusion-based cultures in which remaining stromal elements produce endogenous SCF, IL-6, and undoubtedly other cytokines, requirements for adding exogenous multiple cytokines for LTCIC maintenance are not as stringent.
INITIAL CLINICAL EXPERIENCE WITH EX VIVO EXPANDED HEMATOPOIETIC CELLS
Cultured human hematopoietic cells have been studied in clinical settings for several years. After promising preliminary experiments in mice,"' Dexter et al first returned cultured bone marrow to 2 patients in 1983,43 and their group has extended this approach over the years, particularly in patients with acute myelogenous leukemia (AML). Barnett et ala have extensive experience in returning cultured bone marrow to patients with chronic myelogenous leukemia (CML). Although these early transplants did not intentionally amplify the cultured cells, they showed that this sort of process could be performed safely and that the reinfusion of proliferating cultured cells was not overtly toxic, although recovery of myelopoiesis in these patients was often quite delayed.
Silver et a145 first returned BMMC derived from 14-day perfusion cultures supplemented with IL-3, GM-CSF, Epo, and SCF as adjuncts to autografts to 5 patients receiving cellular support for high dose cancer therapy for Hodgkin's disease and non-Hodgkin's lymphoma. They found no toxicities associated with the infusiogs, and each of the patients had a benign posttransplantation course. Six of the patients had either a single fever or no fevers. The time to reach neutrophils counts of 500 ranged from 8 to 15 days, and platelet independence was reached between day 12 and 21. More recently, Bender et ala studied 5 patients who received enriched CD34' mobilized peripheral blood cells cultured with the GM-CSF/IL-3 fusion protein PIXY321 for 12 days, with the dose infused the day after reinfusion of the standard, noncultured PBMC dose. They found no toxicities associated with the infusions, and all 5 patients recovered neutropoiesis and megakaryocytopoiesis, with kinetics at least as rapid as those of patients undergoing standard peripheral blood transplant^.^^ Brugger et ai4' have now returned ex vivo cultured mobilized peripheral blood cells alone to patients undergoing high-dose, although not truly myeloablative, chemotherapy, with exciting and encouraging early results. Fffteen million CD34' mobilized peripheral blood cells were cultured in the presence of SCF, IL-lP, IL-3, IL-6, and Epo for 12 days, and the cells resulting from this culture were returned either For personal use only. on October 27, 2017. by guest www.bloodjournal.org From as supplements to a standard mobilized PB reinfusion (4 patients) or as sole myeloprotective support (6 patients). Of the 6 patients who received ex vivo cultured cells alone, 5 survived and engrafted promptly. Mean neutrophil recoveries to 500 and 1,OOO absolute neutrophil count occurred 2 days later than in patients receiving both native and cultured cells, whereas platelet recoveries were indistinguishable in the two small groups. Interestingly, these investigators found that there was a strong correlation between the number of expanded cells returned to the patients and the rapidity of platelet recovery, a correlation also observed in the original patients studied by Silver et al ! 5 Overall, although it is too early to know the durability of the hematopoietic recoveries in these patients and although the chemotherapy regimen used may not have been truly myeloablative, these results clearly support the notion that a fairly small number of enriched hematopoietic progenitor cells cultured ex vivo under these conditions wiIl initiate hematologic reconstitution.
POTENTIAL CLINICAL USES FOR EX VIVO EXPANDED HEMATOPOIETIC CELLS
With full command over hematopoietic cell expansion and differentiation, one can envision a wide array of clinical applications (Table 1 ). At the most basic level, ex vivo expanded myeloid cells could have utility in hematopoietically compromised patients in a variety of settings now seen commonly in clinical hematologyloncology , including high-dose chemotherapy and autologous and allogeneic bone marrow transplantation. In the case of transplantation, ex vivo expansion could be used both to reduce the morbidity of the induced nadirs and to eliminate the need for operative harvests or leukephereses. For autologous applications, ex vivo cultures and expansions could theoretically be used for directed tumor purging, both passive purging in culture and active, specific antitumor therapeutics.
A direct extension of the myeloid expansion approach would be to use ex vivo expanded UCB for hematopoietic support. This approach is intriguing for several reasons. First, it is clear that fetal and umbilical cord hematopoietic cells have an increased proliferative capacity, and it may be the case that fetal and umbilical cord stem cells have increased capacity for true self-renewal. Second, there is the possibility, although not yet the evidence, that lymphoid cells derived from umbilical stem cells may cause less graft-versus-host disease in the allogeneic setting than do postnatalderived lymphoid cells. Third, cord blood cells are truly a wasted resource waiting for medical application, because they are simply discarded at the present time. Ex vivo expansion will be very important for the general applicability of UCB to routinely provide sufficient numbers of hematopoietic cells for large recipients, whether UCB is used either in the form of a large matched-unrelated donor bank or as longterm autologous hematopoietic insurance. The ability to control hematopoietic expansion beyond the myeloid lineage could have wider and more sophisticated applications. Ex vivo lymphoid expansion from prolymphocytes could allow one to perform ex vivo education of donor T cells to antitumor activity. This could provide a more sustained and effective approach to adoptive immunotherapy, such as LAK cell therapy. One could envision the simultaneous expansion of myeloid and lymphoid cells before reinfusion, thereby providing both myeloid support and direct, expanded antitumor activities.
Finally, the ability to control and amplify pluripotent stem cell self-renewal and expansion will provide a major boon to stem cell gene therapeutics. For both retroviral and adenovirus based vectors, stem cell division appears to be a major rate-limiting step to stem cell transduction. The ability to regulate stem cell division ex vivo would permit increased levels of stem cell transduction, thus allowing diverse applications of stem cell modification. Early applications of perfusion-based hematopoietic cell expansion techniques to retroviral transduction suggest that this approach may indeed offer substantial promise for increased infection efficiency in primitive cells.4K
CRITICAL EXPERIMENTAL QUESTIONS-THE IMMEDIATE FUTURE
In summary, we are now in possession of only partial knowledge about the biology and applicability of ex vivo hematopoiesis to clinical practice. However, we have learned some things, and the hematology community is now well positioned to carefully ask and answer the following critical outstanding questions (Table 2 ). Given these developments and opportunities, the next 2 to 3 years will clearly see an explosion in studies of ex vivo expanded hematopoietic cells. Autologous bone marrow transplantation augmentation and replacement, allogeneic For personal use only. on October 27, 2017. by guest www.bloodjournal.org From bone marrow transplantation augmentation and replacement, and high-dose chemotherapy support will likely be the initial applications. Expansion of UCB hematopoietic cells, both to reduce the required amount of UCB needed for pediatrics transplants and to permit adult engraftment, will likely follow shortly. Simultaneous genetic modification and expansion of stem cells will also be explored in great detail. Overall, this promises to be an extremely exciting time in clinically applied hematopoiesis research, one in which major clinical benefits will likely result from our increasing ability to gain true control over the fate of hematopoietic stem cells ex vivo.
